Introduction {#Sec1}
============

Olive pomace is an olive mill solid waste that is produced during the discontinuous (press-based) olive oil extraction process^[@CR1]^ and that consists mainly of water, olive seed and pulp. Olive pomace is potentially harmful for the environment due to numerous intrinsic properties, including its acidic pH, relatively high content of salts and organic compounds, phytotoxicity, antimicrobial activity, and phenolic and lipid components^[@CR2]^. The organic matter within this agro-industrial waste consists mainly of nitrogenous compounds, organic acids, sugars, tannins, pectins, carotenoids, oil residues, and phenolic substances^[@CR2]^. Over the last decade, the composting of olive pomace has been increasingly attracting the attention of the scientific community due to the beneficial effects of the resulting compost on horticultural and short-term crops^[@CR3]^. Composting substantially consists in the aerobic stabilization of organic matter^[@CR4]^. During composting, the endogenous microbiota colonizing the solid matrix being composted transforms the organic matter into CO~2~, biomass, heat and humic compounds^[@CR5]^.

To date, several microorganisms, including azotobacteria and ligninolytic microfungi, have been assayed, either alone or in consortia, as accelerating agents for the composting of olive mill byproducts. Azotobacteria are free-living nitrogen-fixing bacteria capable of growing^[@CR6]^ and even fixing atmospheric nitrogen in olive mill wastes^[@CR7],[@CR8]^. Select strains of azotobacteria have been found to remove phytotoxic compounds^[@CR9]^ and produce both fertility-promoting metabolites^[@CR10]^ and exopolysaccharides^[@CR11]^ during aerobic treatment of olive mill wastewater.

Concerning ligninolytic microfungi, *Phanerochaete chrysosporium* (anamorph, *Sporotrichum pulverulentum*) is a white-rot fungus belonging the Basidiomycotina subdivision, which has been recognized as comprising some of the most effective degraders of lignin^[@CR5]^. So far, *P. chrysosporium* has been extensively exploited in composting trials with numerous agricultural wastes, including olive-mill waste water^[@CR12]^ and olive pomace^[@CR13],[@CR14]^.

By contrast, only scarce research is available regarding microbial community dynamics and polyphenol evolution during composting of olive mill pomace, and to the best of the authors' knowledge, only two studies have examined the effect of microbial accelerating agents on the composting of this agro-industrial waste^[@CR15],[@CR16]^. Though both studies investigated the physical and chemical traits of the compost piles, neither identified the bacterial and fungal species that predominated during the composting process.

Given this knowledge gap, this study aimed to investigate the microbial population dynamics and the evolution of polyphenols during the co-composting of olive pomace and wheat straw inoculated with azotobacteria and ligninolytic microfungi, in comparison with uninoculated control compost. To this end, culture-dependent (viable cell counting) and culture-independent (PCR-DGGE) analyses were carried out to monitor the bacterial and eumycete diversity in piles during the composting process; in parallel, physical (temperature, moisture) and chemical (pH, total polyphenols content) properties of the piles were also monitored.

Materials and Methods {#Sec2}
=====================

Composting procedure {#Sec3}
--------------------

Wet olive pomace (WOP) derived from olive oil production during the 2015--2016 season was provided by the "Azienda del Carmine" oil mill (Agugliano, AN, Italy). The WOP was produced by the two-phase system of oil extraction from olives of the "Leccino" cultivar. The composting of WOP was carried out in piles placed in open, plastic 65-L containers to avoid the loss of percolate. The composting trial was carried out in a greenhouse. Four composting piles were prepared, labeled as 1A, 1B, 2A and 2B. For each pile, 20 kg of WOP, 15 kg of wheat straw and 5 kg of wood chips were mixed. At the end of the thermal phase (day 25 of composting) and again after 94 days of composting, experimental piles 1A and 1B were inoculated with a suspension of three azotobacteria strains (see paragraph "Reference strains" for more details). The bacterial inoculants were selected based on their ability to abate water-soluble phenols in olive mill wastewater, as previously assessed by Aquilanti *et al*.^[@CR17]^. At the beginning of the maturation phase (44^th^ day of composting), piles 1A and 1B were also inoculated with a strain of *P. chrysosporium* (see paragraph "Reference strains" for more details) that was previously assayed in co-composting trials of agricultural wastes mixed with olive mill wastewater^[@CR13]^. Piles were turned manually three times a week to provide aeration and improve pile homogeneity throughout the composting trial. The average moisture content of the initial mixtures was kept at 48 ± 5% by irrigating with water when necessary.

Samples of approximately 0.3 kg were randomly collected from each pile at three different depths for physical, chemical, and microbiological (culture-dependent and culture-independent) analyses. Samples were collected at regular intervals during the composting process and were vigorously mixed before analysis.

Reference cultures {#Sec4}
------------------

Three bacterial reference strains (*Azotobacter chroococcum* 208, *A. chroococcum* 220 and *A. chroococcum* 225) and one fungal strain (*P. chrysosporium* DSMZ 6909) were used to inoculate experimental piles 1A and 1B and to prepare the two DGGE ladders. The three bacterial strains had previously been isolated from soils that were regularly treated with olive mill wastewater; they were molecularly identified as *A. chroococcum* and were assayed for their ability to abate water-soluble polyphenols in sterile CaO-treated olive mill wastewater^[@CR17]^. The fungal strain was purchased from the Deutsche Sammlung von Microorganismen und Zelkulturen (DSMZ) (Braunschweig, Germany) and reconstituted according to DSMZ recommendations.

Microbial inoculation {#Sec5}
---------------------

The three *A. chroococcum* strains (208, 220, 225) were cultured separately in tryptic soy broth (TSB) for biomass production. The cultures were incubated on a rotary shaker at 150 rpm. After 48 h incubation at 30 °C, the biomass was harvested by centrifugation, the supernatant was discarded, and the pellet was resuspended in sterile physiological solution 0.85% (w/v) of NaCl. Concentration of the bacterial suspensions was determined using a Thoma Zeiss counting chamber, whereas the cell viability was checked by the plate count method using tryptic soy agar (TSA). Equal parts (150 mL) of the three bacterial suspensions were mixed and used to inoculate the composting piles by spraying with a dispenser. The bacterial suspension of the three *A. chroococcum* strains was inoculated twice during composting, specifically, on the 25^th^ and the 94^th^ day of composting, to achieve a final concentration of 6 and 8 Log CFU g^−1^ compost at the two respective timepoints. The inoculation of *P. chrysosporium* spores was performed on the 44^th^ day of composting to achieve a final concentration of 6 Log CFU g^−1^ compost. The inoculum of fungal spores was prepared as previously described by Taccari *et al*.^[@CR13]^.

Physical and chemical analyses {#Sec6}
------------------------------

The temperature of each compost pile was measured daily at three depths (upper, middle and bottom part of the pile) using a temperature probe (Escort Junior, ESCORT DATA LOGGING SYSTEM LTD, Auckland, Australia), and the mean value of three measurements was calculated. The ambient air temperature was also measured using a Wet and Dry Bulb Hygrometer (G.H. Zeal, London, UK). The moisture content, pH and concentration of water-soluble phenols in the WOP and compost material collected during composting were determined following the procedures described by Taccari *et al*.^[@CR13]^. All measurements of moisture, pH, and water-soluble phenols were carried out in duplicate. The results were expressed as mean values ± SDs.

Phytotoxicity test {#Sec7}
------------------

WOP and aliquots of the inoculated and control piles were assayed for their phytotoxicity during composting. The phytotoxicity, expressed as germination index (G.I.), was estimated by comparing the root development of cress (*Lepidium sativum*) seeds in contact with compost extracts to that of seeds in contact with deionized water (control) after incubating for 72 h at 25 °C. The test was performed in triplicate following the procedure previously described by Zucconi *et al*.^[@CR18]^ with some modifications, as reported by Mari *et al*.^[@CR19]^.

Microbiological analyses {#Sec8}
------------------------

Total mesophilic and thermophilic aerobes and eumycetes were enumerated on WOP and during composting by viable cell counting. Samples of approximately 0.3 kg were randomly collected at different depths of the four piles at regular intervals during composting and were vigorously mixed. Ten grams (wet weight) of each sample were homogenized in 90 mL sterile peptone water (0.1% peptone) at 260 rpm for 3 min using a Stomacher apparatus 400 Circulator (International PBI, Milan, Italy). Serial dilutions of the suspensions were plated on Plate Count Agar for enumeration of mesophilic (incubated for 24--48 h at 30 °C) and thermophilic (incubated for 24--48 h at 50 °C) bacteria. Rose-Bengal chloramphenicol agar was used to enumerate fungi after incubating for 48--72 h at 25 °C. All samples were analyzed in duplicate, and the mean values were calculated; the results are expressed as Log CFU g^−1^.

DNA extraction {#Sec9}
--------------

DNA from the bacterial and fungal reference strains was extracted as described by Garofalo *et al*.^[@CR20]^ and Makimura *et al*.^[@CR21]^, respectively. An E.Z.N.A. soil DNA kit (Omega biotek, Norcross, GA, USA) was used to extract microbial DNA directly from the samples collected at regular intervals during composting. A 1-mL aliquot of sample homogenate that had been diluted 10^−1^ for viable-cell counting was centrifuged to produce a pellet that was then processed according to the kit manufacturer's instructions. The quantity and purity of the extracted DNA were assessed by absorbance at 260, 280 and 234 nm using a UV-Vis Shimadzu UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan).

PCR-DGGE analyses {#Sec10}
-----------------

The DNA extracted directly from the composting samples were amplified by PCR using two primer sets, namely, 338f-518r for bacteria^[@CR22]^ and NL1-LS2 for fungi^[@CR23]^. A GC clamp was added to the 5' end of the forward primers, 338 f^[@CR24]^ and NL1^[@CR25]^. For all amplification reactions, 100 ng of DNA was amplified in a total reaction volume of 50 µL containing 1.25 U of Taq DNA polymerase (SibEnzyme, Novosibirsk, Russia), 1X reaction buffer (pH 8.5; 60 mM Tris-HCl, 25 mM KCl, 1.5 mM MgCl~2~, 2-mercaptoethanol, 0.1% Triton X-100), 0.2 mM dNTPs, and each primer at 0.2 µM. The PCRs were performed in a My Cycler thermal cycler (Bio-Rad, Hercules, CA, USA) using the programs previously described by Osimani *et al*.^[@CR26]^. For each PCR, 5 µL of product was analyzed by electrophoresis in 1.5% agarose gels in 0.5X TBE containing 0.5 mg mL^−1^ ethidium bromide at 6 V cm^−1^ for 1 h, using the HyperLadder 100 bp (Bioline, London, UK) as a molecular weight standard. Gels were visualized under UV light and photographed using the Complete Photo XT101 system (Explera, Jesi, Italy).

DGGE analyses of the bacterial and fungal communities were carried out using a DGGE DCode^TM^ system (Bio-Rad), as previously described by Taccari *et al*.^[@CR27]^. The ladder for the analysis of the bacterial community was prepared by mixing PCR products obtained from the three *A. chroococcum* reference strains. The NL1~GC~-LS2 amplicon of *P. chrysosporium* was used as a ladder in each DGGE gel for the analysis of the fungal community. After electrophoresis, the gels were stained for 20 min in 1X TAE buffer containing 1X SYBR Green I Nucleic Acid Gel Stain (Lonza, Walkersville, MD, USA) and then visualized under UV light and photographed using the Complete Photo XT101 system (Explera).

Select DGGE bands were excised from the gels using sterile cutting tips. DNA from each band was eluted in 50 µL deionized water; 5 µL of eluted DNA was reamplified in a PCR reaction under the same conditions as described above but using forward primers 338 f and NL1 without the GC clamp. The obtained amplicons were sent to Genewiz (Hope End, Takeley, UK) for purification and sequencing. The analysis of the obtained sequences was performed as previously described by Garofalo *et al*.^[@CR28]^.

Statistical analysis {#Sec11}
--------------------

Analysis of variance (ANOVA) was applied to assess differences in pH, water-soluble phenol content and phytotoxicity. The means were analyzed using the STATISTICA 7 software (freely available on the internet). Significant differences were determined by the Duncan multiple range test, with P values \< 0.05 considered to be significant.

Results and Discussion {#Sec12}
======================

Physical and chemical analysis of wet olive pomace {#Sec13}
--------------------------------------------------

Wet olive pomace (WOP) used for the composting showed the following values for the physical and chemical traits considered: pH 5.05 ± 0.02, concentration of water-soluble phenols (expressed as mg Kg^−1^ dry weight) 13'244.12 ± 45.75 and G.I. (%) 19.66 ± 4.83. Concerning the first two parameters, data collected in the present study were within the range reported by other authors for semisolid olive mill wastes produced with two-phase olive oil extraction systems^[@CR29]^. The water-soluble phenol content of olive mill wastes is known to be greatly dependent on several variables, including the geographical area and conditions, soil composition, ripeness of the fruits, olive cultivar, storage conditions prior to processing, and olive oil extraction system applied^[@CR30]^.

The temperature profiles of compost piles and the ambient air during composting are shown in Fig. [1](#Fig1){ref-type="fig"}. A typical succession of the mesophilic, thermophilic and maturation phases characterizing the static pile process was seen. Because of a rapid warm-up of the piles, the temperatures measured at the middle of the piles reached 40--45 °C in 3--4 days. In all piles except 2A, the temperature increased to 55 °C after 8 days of composting; thereafter, a rapid drop in temperature was seen, and temperatures near 15--20 °C were reached after 14 days. These latter temperatures were roughly maintained until the end of the monitoring period. As expected, at least in the third phase, the internal temperature of the four piles was affected by the ambient air temperature.Figure 1Temperature profile during composting. Temperatures are the average recorded at three different depths in the piles. Inoculated piles (1A and 1B) underwent inoculation with azotobacteria and spores of *Phanerochaete chrysosporium*, whereas uninoculated piles (2A and 2B) were used as controls. Error bars indicate ± SD of two independent experiments.

The evolution of pH during the co-composting is shown in Fig. [2](#Fig2){ref-type="fig"}. No significant differences in pH were seen between the inoculated and control piles at any time. A rapid increase in pH was seen in the first 7 days, when values near 8.5 were reached. Thereafter, a slight progressive increase was seen, and pH values near 9.0 were reached after 28 days of composting and were maintained until the end of the monitoring period. This trend agrees with that reported by other authors exploring the co-composting of WOP with different agricultural wastes^[@CR16],[@CR31],[@CR32]^. It was previously elucidated that the pH increase, typically occurring between the 18^th^ and 40^th^ days of composting, is due mainly to the release of NH~4~ and partly to CO~2~ elimination due to aeration^[@CR33]^. This pH trend, which is typically observed during composting of organic substrates, especially of WOP^[@CR34],[@CR35]^, is attributable to the carboxylation of organic anions during aerobic degradation of the organic matter according to some authors^[@CR36],[@CR37]^.Figure 2pH evolution of inoculated (1A and 1B) and uninoculated piles (2A and 2B) during composting. Data are means ± SD of two independent experiments.

Evolution of phytotoxicity and water-soluble phenols during co-composting {#Sec14}
-------------------------------------------------------------------------

The evolution of phytotoxicity and water-soluble phenols during co-composting is depicted in Fig. [3](#Fig3){ref-type="fig"}. The germination index (% G.I.) is typically used to evaluate the phytotoxicity of composts and, hence, to assess their maturity. Indeed, high amounts of ammonia, as well as some organic acids and water-soluble compounds, generally occur in immature composts and can hinder the germination of *L. sativum* seeds and their root development. The mean % G.I. of WOP confirmed the high phytotoxicity of this agricultural waste, whose direct application to the soil is not recommended^[@CR38]^. Regarding the compost material, after 142 days, no significant differences in phytotoxicity were seen between the inoculated and control piles, which reached G.I. values near 70%, starting from initial values slightly above 50% (Fig. [3](#Fig3){ref-type="fig"}). According to Echeverria *et al*.^[@CR15]^, a sample is phytotoxic when its G.I. is lower than 75% at an extract concentration of 30%, whereas for Lasaridi^[@CR39]^, a sample is phytotoxic when its G.I. is lower than 80% at an extract concentration of 10%. Based on these limits, after 142 days, the compost material of both the inoculated and control piles was still phytotoxic, though G.I. values \>60% at an extract concentration of 30% are allowed by the Italian law for agricultural compost application^[@CR40]^. As far as the scientific literature is concerned, G.I. values either below or above the 80% limit have previously been reported by other authors^[@CR4]^, suggesting high variability for this parameter depending on numerous factors, such as the initial G.I. value of the raw materials and the duration of composting.Figure 3Germination index (GI) (lines) and water soluble phenols content (histograms) of inoculated (1A and 1B) and uninoculated piles (2A and 2B) during composting. Data are means ± SD of two independent experiments. Full shape arrows indicate the time of azotobacter inoculation (after 25 and 94 days of composting); dashed arrow indicates the inoculation of *P. chrysosporium* spores (day 44). \*Statistically significant differences (Duncan tests; P \< 0.05) between inoculated and uninoculated (control) piles within each sampling time; d.w., dry weight.

Soluble phenol content is a compost quality indicator as well and is particularly useful for improving and understanding the entire compositing process and for evaluating the evolved level of organic matter^[@CR41]^. Thanks to their simple structure and small molecular size, water-soluble phenols are more sensitive to the transformations occurring during composting than are the polyphenols generated during the partial degradation of lignin.

When comparing day 0 and day 142, no significant reduction in water-soluble phenol content was seen in the control piles, whereas the final and initial water-soluble phenol content differed significantly in the inoculated piles.

This result seemed to suggest that the inoculation of azotobacteria (at day 25 and 94) and *P. chrysosporium* (at day 44) might have affected the phenol metabolism, and hence the humification process, by enhancing the decomposition of lignocellulose compounds and/or polyphenols. A similar hypothesis was recently formulated by Agnolucci *et al*.^[@CR16]^ to explain the contribution of a multi-strain starter culture, which included *P. chrysosporium*, to the water-soluble phenol content in mature compost from olive mill solid waste.

Invariably, the final water-soluble phenol content in compost piles in this study were less than 4%. This content level falls within the recommended limit established by several authors for the direct application of organic matter to annual crops for sustaining crop yields and building soil fertility^[@CR42]^.

When the evolution of phytotoxicity and water-soluble phenol content during composting was evaluated (Fig. [3](#Fig3){ref-type="fig"}), additional conclusions could be made. Concerning the water-soluble phenol content, no significant differences were seen overall among the four piles, except for t~95~ and t~142~, when a significantly lower concentration of soluble phenols was seen in the inoculated piles compared with the controls. Moreover, in all four piles, a notable increase of soluble phenols was seen during the thermophilic phase (t~7~--t~14~), followed by a progressive decrease until t~36~, a subsequent gradual increase until t~65~, and a final gradual decrease until the end of the monitoring period. A very similar trend has been reported by Castaldi *et al*.^[@CR41]^ when analyzing the fraction of water-soluble phenols in compost from municipal solid waste. In that study, an increase of water-soluble phenols was seen after the first two weeks of composting, followed by a gradual decrease, which has been ascribed by the authors to the microbial use of these compounds as either an energy source or as precursors for the synthesis of new molecules. In 2012, Gigliotti *et al*.^[@CR43]^ reported that during the maturation phase, phenols tend to increase because of the concentration of these compounds.

More recently, an increase in the content of soluble phenols during composting of olive mill wastes has also been reported by Taccari *et al*.^[@CR13]^. In that study, again after 15 days of composting, an enrichment of these phytotoxic compounds was seen in the piles inoculated with *P. chrysosporium*. The authors^[@CR13]^ ascribed this increase in the number of phytotoxic compounds to the previously reported capacity of the inoculated basidiomycetes white-rot fungi to liberate additional water-soluble phenols during lignin degradation^[@CR44]^ via a combination of extracellular organic acids, mediators and enzymes, including laccase (phenol oxidase)^[@CR45]^. This latter explanation fits well with the overall PCR-DGGE analysis results of the present study, which revealed stable colonization by *Aspergillus nidulans* and *Penicillium chrysogenum* of all four piles from the very early phase until the end of the composting trial (Table [1](#Tab1){ref-type="table"}, Supplementary Fig. [1](#MOESM1){ref-type="media"}). Both species are imperfect fungi known to produce lactase, one of the three major enzymes associated with ligninolysis^[@CR46]^.Table 1Fungal dynamics in the two inoculated (1A and 1B) and control piles (2A and 2B) as revealed by PCR-DGGE analysis during the composting process.Experimental pilesSampling time (day)*Ascomycota* sp.*Aspergillus* sp.*Aspergillus nidulansCandida boidiniiCandida stellimalicolaChaetomium elatumIlyonectria destructansPenicillium chrysogenumPenicillium* sp. *cremeogriseumPenicillium olsoniiPhanerochaete* sp.*Pichia* sp.*Saccharomyces cerevisiaeSarocladium kiliense*1At0●○●t7●●●●t23●●○●t28●●●●t36●●●●t44●●●●t65○○●●●●●○t95○○●●●●●t113○●●●●1Bt0●○●t7●●●●t23●●○●t28●●●●t36●●●●○t44●●●●○t65○○●●●●●○t95○○●●●●●t113○●●●●2At0○●●●○●t7●●●●t23●●○●t28●●●●t36●●●●t44●●●●t65○○●●●●●t95○○●●●●●t113○●●●2Bt0●●○●t7●●●●t23●●●t28●●●●t36●●●●t44●●●●○t65○○●●●●●t95○○●●●●●t113○●●●●DGGE bands resulting from the analysis of the DNA extracted directly from samples showing \>97% of similarity with the sequences of the closest relatives found by a BLAST search in the GenBank database.○ DGGE bands resulting from the analysis of the DNA extracted directly from samples showing ≤97% of similarity with the sequences of the closest relatives found by a BLAST search in the GenBank database.1A and 1B: experimental piles inoculated with *Azotobacter chroococcum* and *Phanerochaete chrysosporium*; 2A and 2B: control piles.

Besides to the latter enzymes, fungi are also known to produce polyphenoloxidases during either the thermophilic phase^[@CR47]^ or, according to other authors, during the initial activation stage or after the thermophilic stage^[@CR48]^.

Regarding the phytotoxicity evolution of the compost piles, a negative trend with water-soluble phenols was seen (Fig. [3](#Fig3){ref-type="fig"}). This result is mainly ascribable to the previously reported higher toxicity of simple water-soluble phenols as compared with more complex polymerized compounds^[@CR13]^.

Microbiological analyses {#Sec15}
------------------------

Microbiological analysis of WOP revealed high loads of total mesophilic aerobes and total eumycetes attesting at 7.36 ± 0.04 and 6.59 ± 0.10 Log CFU g^−1^, respectively. A high level of bacterial and yeast colonization in the same type of substrate was previously reported by Echeverria *et al*.^[@CR15]^. The results of viable cell counting in the samples of compost collected during composting are shown in Fig. [4](#Fig4){ref-type="fig"}. As far as the inoculated and control piles are concerned, as a general trend, robust microbial colonization was seen during composting, irrespective of inoculation with the selected starter strains. Moreover, comparable loads of mesophilic and thermophilic bacteria, as well as of eumycetes, were observed during composting of both the microbiologically enriched and control piles. In more detail, a rapid increase in the viable counts of the three microbial groups was seen during the first 7 days, followed by stabilization after 14 days, when the concentrations of mesophilic aerobes, thermophilic aerobes and eumycetes plateaued near 10.0, 8.5 and 7.5 Log CFU g^−1^, respectively. Except for the thermophilic aerobes, which showed a progressive decrease from day 100 to the end of the composting trial, when loads approximately 8.5 Log CFU g^−1^ were reached, loads of mesophilic aerobes and eumycetes remained almost stable from day 14 until the end of the composting trial. In accordance to what was previously suggested by Principi *et al*.^[@CR49]^ about the limited significance of viable cell counting of microbes in compost material, no correlation was seen between the internal pile temperature and the amount of cultivable microbial biomass during co-composting of WOP with straw and wood chips as bulking agents. The same result was previously observed by Echeverria *et al*.^[@CR15]^ when enumerating total bacteria, actinobacteria, yeasts and microfungi in microbially enhanced compost from wet olive husks.Figure 4Viable counts of total mesophilic aerobes (panel a), total thermophilic aerobes (panel b) and eumycets (panel c) assessed at different time points (at 0, 7, 14, 23, 28, 31, 36, 44, 50, 65, 95, 100, 113 and 142 days) during the composting process. Inoculated piles (1A and 1B) underwent inoculation with azotobacteria and spores of *Phanerochaete chrysosporium*, whereas uninoculated piles (2A and 2B) were used as controls. Error bars indicate ± SD of two independent experiments.

The viable count data were largely in accordance with the denaturing gradient gel electrophoresis (DGGE) profiles. Indeed, an equally similar trend in the evolution of the microbiota in the four piles was revealed by PCR-DGGE and sequencing of DNAs eluted from selected bands (Supplementary Figs [1](#MOESM1){ref-type="media"} and [2](#MOESM2){ref-type="media"}; Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). As far as the bacterial populations are concerned, a stable microbial succession was seen in the four piles, with a few species that occurred in the initial matrix, namely, *Acetobacter nitrogenifigens, Acinetobacter radioresistens, Acinetobacter variabilis, Gluconobacter albidus, Reyranella soli* and *Swingsia samuiensis*, either co-existing or being replaced by other species, namely, *Acinetobacter gandensis*, *Paracoccus laeviglucosivorans*, during the thermophilic phase. In the final maturation phase, the latter microorganisms were replaced by additional species, namely *Pseudomonas guguanensis, Blastochloris viridis, Ferrovibrio denitrificans, Luteimonas terricola, Nitrosomonas communis, Novispirillum itersonii, Paracoccus kocurii, Pseudorhodoplanes sinuspersici, Pseudoxanthomonas suwonensis, Qingshengfania soli, R. soli*, and *Rhizobium endolithicum*. A few species among those dominating during maturation were detected at well-defined time points, namely, *B. viridis*, *F. denitrificans* and *P. kocurii*, which were identified at t~44~, t~65~ to t~95~, and t~65~ to t~113~, respectively. By contrast, other species were identified either throughout the whole maturation phase, such as *Pseudoxanthomonas suwonensis*, detected from t~7~ (pile 1B) or t~23~ (piles 1A, 2A and 2B) until the end of the monitoring period, or during the late maturation phase, such as *L. terricola*, *N. communis*, *N. itersonii*, *P. kocurii*, and *Q. soli*.Table 2Bacterial dynamics in the two inoculated (1A and 1B) and control piles (2A and 2B) as revealed by PCR-DGGE analysis during the composting process.Experimental pileSampling time (day)*Acetobacter nitrogenifigens*Acetohalobium arabaticumAcinetobacter gandensisAcinetobacter radioresistensAcinetobacter variabilisActimicrobium antarcticum*Blastochloris viridisFerrovibrio denitrificansGluconobacter albidusLuteimonas terricolaNitrosomonas communisNovispirillum itersoniiNovosphingobium acidiphilumParacoccus kocuriiParacoccus laeviglucosivoransPseudomonas guguanensisPseudorhodoplanes sinuspersiciPseudoxanthomonas suwonensisQingshengfania soliReyranella soliRhizobium endolithicumRhodoligotrophos jinshengiiRhodothalassium salexigensSwingsia samuiensis*1At0●●●●●●t7○●●●t23●○●●●t28●t36○●t44○○●t65○●●●○○●●t95○●●●○○●●t113●●●○●●●●1Bt0●●●●●●t7○●●●t23●○●●t28○●t36●t44○●t65○●●●○○●●t95○●●●○○●●t113●●●○●●●●2At0●●●●○●○●t7○●○●t23●○●●t28●t36○●t44○●t65○●●●○○●●t95○●●●○○●●t113●●●○●●●●2Bt0●●●●○●○●t7●○○●●●●t23●○●●t28○●t36●t44○●t65○●●●○○●●t95○●●●○○●●t113●●●○●●●●●DGGE bands resulting from the analysis of the DNA extracted directly from samples and showing \>97% of similarity with the sequences of the closest relatives found by a BLAST search in the GenBank database.○DGGE bands resulting from the analysis of the DNA extracted directly from samples and showing ˂ 97% of similarity with the sequences of the closest relatives found by a BLAST search in the GenBank database1A and 1B: experimental piles inoculated with azotobacteria and spores of *Phanerochaete chrysosporium*; 2A and 2B: control piles.

Regarding eumycetes, a quite stable evolution of the population was again seen in the four piles. In more detail, some species were detected during the whole composting process, such as *Aspergillus nidulans, Candida boidinii* and *P. chrysogenum*. Other species apparently occurred only in the initial matrices (*Pichia* sp., *Saccharomyces cerevisiae*), the thermophilic phase (*Candida stellimalicola*) or at defined time points during the maturation phase (*Ascomycota* sp., *Aspergillus* sp., and *Penicillium cremeogriseum*, detected from t~65~ or t~95~ until t~113~, and *Ilyonectria destructans*, detected only at t~65~).

Interestingly, neither *Azotobacter* nor *Phenerochete* could be detected by sequencing of DNA eluted from the excised DGGE bands. This might be explained by the lack of dominance of the inoculated strains in the piles, which in turn might be feasible due to an initially low load or, alternatively, to lower competitive fitness of the starter strains with respect to the autochthonous microorganisms already residing in the matrices to be composted.

The lack of DGGE bands ascribable to the inoculated species seems to support what other authors have previously suggested about the still debated use of starters to speed up and guide the composting process^[@CR50]--[@CR52]^. Among those supporting the infectiveness of starter cultures for composting, Golueke^[@CR53]^ suggested that inoculants introduced into compost mixtures are already colonized by diverse communities of organisms, each of which rapidly multiplies under the most favorable conditions. Hence, mechanisms such as substrate enzymatic induction and natural selection rapidly lead to the dominance of endemic specialized populations.

When compared to the results collected in other published studies relying on culture-independent approaches, the data collected in the present study confirmed the high variation in the microbial diversity characterizing the different phases of the composting process, as well as the progressive stabilization of the microbial population as the compost piles reach maturity^[@CR16]^.

Though it is difficult to determine whether the species identified by PCR-DGGE analysis were metabolically active, as extracted genomic DNA could be from resting cells within the samples, the dynamic temporal shifts of DGGE bands suggest that DNA turnover necessarily occurred during the composting. This, in turn, indicates that the microbial species identified through sequencing of the selected DGGE bands were actively growing. Indeed, it is conceivable that if sequenced DGGE bands belonged to vegetative cells, those visualized at the first time points should have been detected throughout the monitoring period. Since this was not the case, the initial hypothesis must be rejected. The same conclusion can be reasonably drawn for eumycetes.

Despite the observed microbial succession, the causative factors of the shift in microbial community composition remain unclear, and changes in substrate availability, temperature, or pH might have influenced these community changes.

The bacterial species identified in the present study included microorganisms with very heterogeneous metabolic activities and that originated from various sources. These include obligate aerobes (*A. variabilis, A. gandensis*), acetic acid bacteria (*G. albidus, S. samuiensis*), bacteria involved in the nitrogen cycle (A. *nitrogenifigens, N. communis, P. kocurii, Q. soli)*, human and animal commensal bacteria (*A. radioresistens, A. variabilis, A. gandensis*) and, as expected, bacteria typically associated with soil environments (*R. soli, P. laeviglucosivorans, L. terricola, Q. soli*) and even composted agricultural wastes (*P. suwonensis*). Except for *A. radioresistens*, all these bacteria are novel species, mostly identified in the last few years and, hence, not yet fully characterized, thus rendering the comprehension of their contribution in the composting process particularly challenging.

As far as the fungal communities are concerned, again, a very similar evolution was seen in the four composts, with no differences among the enriched and control piles. Overall, a relatively low fungal species richness was seen at any given monitoring time; however, the community structure of eumycetes was dynamic and paralleled changes in the bacterial community structure^[@CR54]^.

Eumycetes play a key role in compost, being prevalent in this ecosystem, thanks to their strong ability to degrade lignocellulose compounds, which are particularly abundant in agricultural wastes. A few genera are dominant in this compost, namely, *Aspergillus*, *Mucor*, *Penicillium*, *Humicola*, *Caetomium* and *Thermomyces*. Overall, the dominant species identified in this study have previously been detected in compost. *A. nidulans* and *P. chrysogenum* have been isolated from spent mushroom compost^[@CR45]^. Selected cultures of the latter species, isolated from different composting processes, were found to tolerate heavy metals in multipolluted aqueous systems, as well as to remove these metals with high detoxification ratios^[@CR50]^. Analogously, isolates of *C. boidinii* collected from two-phase decanter system olive oil waste were proven to degrade toxic substances, such as phenols, in a fed-batch microcosm system^[@CR55]^. More intriguingly, both *A. nidulans* and *P. chrysogenum* are known to produce laccase^[@CR46]^, a key enzyme in the ligninolytic process, thus suggesting a key role for these microorganisms in the transformations of organic matter during the composting of WOP.

Conclusions {#Sec16}
===========

To date, the composting of WOP has not been thoroughly elucidated, and most aspects regarding microbial population dynamics remain largely unknown. In this study, new information was attained by exploring the effects of azotobacteria and *P. chrysosporium* inoculation on the composting of piles added with WOP. Overall, only a modest impact of the starter strains on the physical, chemical and microbiological properties of the mature composts was seen, except for a significantly lower content of water-soluble phenols in the inoculated piles after 142 days. However, an intense evolution of these compounds was seen in all piles, thus suggesting an active role of the heterogeneous resident microbiota.
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